This review reflects a few of Mike Land's many and varied contributions to visual science. In it, we show for wood ants, as Mike has done for a variety of animals, including readers of this piece, what can be learnt from a detailed analysis of an animal's visually guided eye, head or body movements. In the case of wood ants, close examination of their body movements, as they follow visually guided routes, is starting to reveal how they perceive and respond to their visual world and negotiate a path within it. We describe first some of the mechanisms that underlie the visual control of their paths, emphasizing that vision is not the ant's only sense. In the second part, we discuss how remembered local shape-dependent and global shape-independent features of a visual scene may interact in guiding the ant's path.
Introduction
Insects have an array of visuo-motor control systems for moving effectively within cluttered surroundings [1, 2] . Flies separate image motion caused by their own movements through a stationary environment from the image motion generated by other moving objects [3] , and use the former for controlling their direction of flight [4] or for landing on surfaces [5] and the latter to pursue potential prey or mates [6, 7] or to avoid possible threats [8] . Flying honeybees equalize the translational optic flow on their two eyes in order to pass through the centres of gaps [9] . They maintain the flow at a set value and so automatically slow down when gaps becomes narrow and hard to negotiate. Flies and locusts walking on a sequence of 'stepping stones' measure the gap between the stones to place their feet correctly [10, 11] . Locusts [12 -14] and praying mantises [15] peer from side to side to judge the distance of a nearby object before jumping on to it. Such examples show how well-crafted insects are to exploit visual information for safe navigation through three-dimensional environments. These tasks rely mostly on pre-wired circuitry for extracting generic visual information.
Some insects can, in addition, learn to take particular visually guided foraging paths through familiar surroundings [16] . This ability also requires elaborate innate computational mechanisms, but has the extra complication of extracting, storing and then using the specific visual information that is needed to follow a habitual route. Ants are turning out to be particularly informative, because the precision and stereotypy of their routes [17] [18] [19] [20] make it possible to analyse the underlying strategies and mechanisms [21, 22] . Ants are also interesting because of the multiple sensory cues that contribute to their navigation, particularly olfaction, with long range cues from wind-borne volatiles [23] [24] [25] and short-range cues from pheromone trails on the ground [26] . Many species of ants lay pheromone trails to mark foraging routes, and some of these species are also helped by remembered visual cues [27] [28] [29] [30] . Once visual cues are acquired, they may dominate pheromone cues in experimental situations in which the two cues indicate different directions of travel [29, 30] . Normally, the cues reinforce each other, so we can expect that the sensorimotor strategies for sampling and using visual and odour information are adapted to work together. We describe here, first, how wood ants (Formica rufa L.) set and maintain their direction towards a visually defined goal within a familiar scene and how visual control can operate without compromising olfactory sampling.
Second, we consider what visual information ants extract from the scene in order to guide their route.
Intermittent visual control and the wood ants' zigzag path
Hangartner [31, 32] , nearly five decades ago, illustrated the sinuous form of a naturally laid trail by the ant Solenopsis geminata (figure 1a), and the equally sinuous path of the ant Lasius fuliginosus as it keeps to an artificially laid straight trail (figure 1b). Zigzag paths are found in a variety of walking and flying insects either following pheromone trails or moving up odour plumes [34] . The paths of wood ants (F. rufa L.) often have a similar sinuous or zigzag shape (figure 1c,d) and are also guided both by olfactory cues [35] and by visual information [36] [37] [38] [39] . How do the mechanisms of visual guidance in these ants operate so as to avoid disrupting the ants' zigzag path? In their pursuit of moving targets such as prey or potential mates, insects often engage control systems that bring and keep the target within the animal's frontal visual field [6, 7, 40] . The target may be fixated by means of intermittent saccades, but once the target is fixated these systems tend to act continuously and to dominate an insect's behaviour. The wood ant's zigzag path towards a stationary goal and the alignment of its body with its path mean that it spends little time facing the goal or moving directly towards it (figure 1d,e), and suggest the use of a more discontinuous control system. ). An ant will set the amplitude of each SLT so that at the end of the turn it faces the panorama at a point that is in line with the goal (figure 2c). The ant's speed of rotation at the start of an SLT is related linearly to the size of the turn needed to face the goal (the goal angle in figure 1 ). This relationship (figure 2d) indicates that before turning ants compute the approximate size of the SLT, although the precision of the pre-computed turn may well be improved by visual feedback during its execution [41] . These saccades resemble those of male hoverflies tracking a potential mate [42] , but with a major difference. Whereas the saccades of a fly function to keep a high contrast, black blob at the front of its eye, the learnt visual features of a scene that define a direction to the goal can be at relatively large angles from the goal. The ant's SLTs thus serve to place these features in whatever retinal position results in the ant facing the goal. Ants avoid disturbing the zigzag pattern of their path by tending to insert SLTs just after changing their direction of rotation at the end of a zig or zag (figure 3a-c), which is when they normally face the goal (figure 3c) but for some reason fail to do so (figure 3d). SLTs are preceded by a segment of a zig or zag in which goal angles (figure 3d bottom) are larger than they are in the corresponding segments of zigs and zags without SLTs (figure 3d top). In segments of the zig or zag immediately after an SLT, the goal angles do not differ from those of zigs or zags without SLTs [33] . SLTs, thus, occur at particular phases, when goal angles are typically small. They can, by this means, act rapidly to correct the direction of a zigzag without altering the zigzag's subsequent form or phase (figure 3d).
(b) Saccade-like turns and the adjustment of travel direction
Evidence that SLTs lead to an overall adjustment of the direction of the ant's path comes from the sequence of events that happens rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130035 after a visual pattern, which is displayed on an LCD screen and defines the position of the goal, is made to jump unexpectedly, so shifting the goal's horizontal position on the retina (figure 4a). The jump induces a transient increase in the frequency of SLTs (figure 4b). SLTs evoked this way have similar properties to spontaneous SLTs [41] and are delayed until ants reach the point of a zig or zag in which they normally face the goal (figure 4c). This delay makes it possible to show that the ant's direction of travel, as given by its mean body orientation over a complete zigzag cycle, is linked more tightly to the performance of SLTs than to the jump of the visual pattern [33] . SLTs thus appear to have a causal role in the control of the ant's direction of travel relative to a familiar visual scene.
(c) An absence of saccade-like turns after a goal defining pattern disappears
SLTs are error driven in that the amplitude and the initial speed of the turn are correlated with the magnitude of the goal angle just before the turn ( figure 2c,d ). What happens when the pattern defining the position of a goal is made to vanish? Do SLTs vanish as well? Ants were trained to approach a goal at the base of a black vertical bar against a white background (figure 4d) displayed on an LCD screen [43] . The bar was shifted to a new position on the screen, and the ant's starting position changed before every training trial to ensure that other visual features did not cue the goal's position. In tests, the bar vanished during the ant's approach (figure 4d). SLTs became rarer after the bar's disappearance (figure 4e). When they did occur, they were both more broadly distributed over a zigzag than usual and they were also less accurate (figure 4f). It is unclear what drives the imprecise SLTs when the bar is not there; it could be a short-term memory of target position and direction [44] , or possibly rough information from other visual cues in the room which are not linked tightly to the direction of the goal. Nonetheless, and despite the missing bar, 47% of approaches continued straight to the former position of the bar on the screen and the paths maintained their zigzag form (figure 4g). Two separate systems seem to control direction during these approaches. The first involves a remembered direction relative to visual features in the scene that, from trial to trial, bear a consistent relationship to the direction of the goal. In this experiment, the bar on the screen was the only feature to meet these requirements. Other visual features, such as the frame of the LCD screen, that were fixed in the room cannot act as reliable substitutes. The ants' ability to maintain a straight trajectory in the absence of the bar is probably the result of intrinsic motor patterns and control systems that rely on proprioceptive input or optic flow [43, 45] . Path control through SLTs that are governed by the retinal position of learnt visual features is distinct from stabilizing reflexes that provide 'inertial' control to enable ants to continue on their current direction along a zigzag path. This result also tells us that, when considering how an ant's path is controlled by learnt visual features of a scene, it is safer to examine the rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130035 endpoints of SLTs, which are an outward expression of a comparison between an ant's current view of a scene and its memory of that scene, than it is to make deductions from the ant's overall travel direction.
(d) The strategy of phase-dependent control
In summary, wood ants set their travel direction towards a goal that is specified with respect to a familiar panorama by turning rapidly to place the panorama in the appropriate position on their retina. The SLTs, by which an ant faces the goal, are timed so that they do not disrupt the ant's normal zigzag path. When an ant is on course, it will face the goal briefly after each zigzag turn and has no need of additional SLTs. SLTs occur just after a zigzag turn, when goal angles are larger than expected. That the initial speeds of SLTs are correlated with their amplitude suggests that the ant may always have implicit knowledge of its orientation relative to the goal. But the phase-dependent occurrence of SLTs indicates that, except for brief windows within the zigzag pattern, the ant's saccadic control system mostly ignores the error signal that can drive it. The more elaborate possibility that ants monitor and correct differences between the current and expected goal angle along the whole zigzag would imply a much broader distribution of SLTs across the zigzag cycle than is the case (figure 3). It is also contradicted by the properties of the relatively rare SLTs that occur at unusual phases of zigs or zags. These ectopic SLTs eliminate the goal angle rather than set it to the expected value for the phase in which the SLT occurs (figure 3e). Over the remainder of the zigzag, the visual system can be engaged in other tasks, as the ant scans from side to side across its immediate surroundings. In laboratory studies, SLTs are frequent at the start of a route, when ants are establishing their direction of travel. They become less frequent as the route progresses and direction becomes fixed (figures 4b and 6a). It seems that as well as limiting when SLTs occur, ants have additional stabilizing mechanisms that reduce the need for SLTs and also give the visual system an opportunity to multi-task.
Perhaps more significantly, this phase-dependent control means that an ant's path can be under visual control without disrupting its zigzag form or its potential use in sampling and following pheromone trails. In the experiments summarized here, we have taken pains to minimize guidance by olfactory cues. But wood ants can use these cues, although how they do so has not been studied. If wood ants are like other ants [31] , then it is plausible that olfactory sampling and control involve turning inwards at each edge of a trail. In this case, the organization of the wood ant's zigzags and their visual control is well suited to combining visual and olfactory information in guidance. SLTs would tend to occur soon after ants have responded to an olfactory stimulus and they would add a precise visually defined direction to an olfactory driven response. A role of zigzags in olfactory guidance does not, of course, exclude the possibility that the visual consequences of zigzags give ants additional information about their surroundings. Lastly, it is tempting to extrapolate and suggest that this kind of phase-dependent visual control may in addition apply to the fluttering flight of butterflies with their seemingly haphazard flight path, but which over a larger scale turns out to be well-directed. 
Visual features that control the ant's saccade-like turns
What visual cues do wood ants extract from a panoramic scene and use to guide their path? Visual information for controlling an ant's direction can come both from celestial compass cues and from the surrounding panorama. Ants resemble honeybees [46] in that they can focus on directional signals supplied by the panorama and ignore discrepant compass cues [47, 48] . An experiment [48] on the Australian honey ant, Melophorus bagoti, reveals how little of the information that is potentially available in a panoramic scene is needed for controlling direction (figure 5). Foragers familiar with a stable route between their nest and an artificially provisioned feeding site were caught near the nest at the end of a foraging trip and released in the centre of a small arena surrounded by a cylinder of black plastic (figure 5b). The top of the cylinder mimicked the skyline (figure 5c) that the ants would normally view when at the feeding site (figure 5d). Ants ran from the centre of the arena in the homeward direction as defined by the facsimile of the skyline. They were equally precise, whether or not the compass orientation of the artificial skyline was aligned with the real skyline ( figure 5f,g ). This finding implies that travel direction can be extracted from an artificial skyline without normal chromatic cues and potentially with erroneous distance information. It reinforces the suggestion of Mö ller [49] that the skyline silhouette is likely to be of special significance in directional guidance. More practically, it encourages laboratory experiments with black and white patterns to explore what visual properties of a scene drive SLTs, on the assumption that such simple stimuli will engage the same perceptual processes that ants use for navigation in natural surroundings. Despite the artificial nature of the experimental surroundings-a lack of celestial cues, a panoramic scene that is unnaturally closethis methodology has the great advantage of allowing quick changes of scene. Ants that have learnt a route in one scene can be tested in new scenes that contain just some of the visual features of the training pattern, making it possible to isolate the influence of different features of a scene in their control of direction.
(a) The global and local features of scenes: using global features for guidance
Studies of pattern vision in a variety of insects show that insects extract local visual features from shapes and can identify patterns by them. Oriented edges are the best understood of these features [50] [51] [52] . Indeed, a recent calcium imaging study on the blowfly, Calliphora vicina, indicates that edge orientation is extracted very early in the visual pathway-in the medulla of the optic lobe [53] . Honeybees and fruitflies learn the positions of oriented bars within a pattern [51, 54] , and bees fail to distinguish between patterns when oriented features are displaced from their usual positions [51, 52] . Bees can also learn to distinguish between two patterns, each of which is composed of the same four bars in different orientations but placed in different arrangements in the two patterns [55] . In insects, just as in mammals, the orientation of contours may be fundamental to pattern perception. In addition to such local features, honeybees and fruitflies learn global features of patterns extracted over large areas of the retina. Thus, they learn the vertical position of the centre of mass (CoM) of a pattern, and, after training with one pattern, will accept a differently shaped pattern as similar, so long as the vertical CoMs of the test and training patterns are in the same vertical position [54, 56] .
Similarly, wood ants aiming towards a feeding site that is defined by its position with respect to a black shape, as in figure 6 , extract local and global features of the shape [36, 57] . The ants learn the approach to the feeding site in terms of the retinal positions taken up by those features when they face the feeding site. They then control their direction to the feeding site by generating SLTs that restore the features to their learnt retinal positions. The global property of a shape that ants extract for guidance to the feeder is more appropriate than its CoM. Instead of the CoM, they estimate the proportions of the mass of the shape that lie to the left and right of their learnt heading. This property, a shape's fractional position of mass (FPM), is thus not a function of the shape alone, but of an interaction between the shape and the ant's familiar route. It provides a signal derived from the visual scene that is related directly to the ant's desired heading. In the example of figure 6 , an ant is trained to approach a rectangle (figure 6a) and then tested with a rectangle of half the width (figure 6b), chosen so that the shape was of a size that they had not previously encountered. The ants' facing direction in these tests was towards the FPM that they acquired during training and which they computed over the unfamiliar test rectangle. To find out whether the FPM is estimated over the width and height of the rectangle, ants were tested with a wedge of the same width as the test rectangle (figure 6c). The FPM shifted rightwards in accord with a prediction derived from a FPM computed using height and width. The ants' facing directions in these tests differ significantly from the predictions of a strategy involving the CoM (figure 6b,c) . This strategy supposes that ants learn the retinal position of the CoM when facing the feeder in training trials and that in test trials they place the CoM of test shapes in the same retinal position.
(b) Scene segmentation and the stability of fractional position of mass
The above results imply that ants are learning some value resulting from a computation over a scene rather than an obvious visual feature of it. In a natural 3608 scene, the direction associated with a remembered FPM will depend on where in the scene the ant starts and ends its computation. To head in a consistent direction on successive approaches, the ant has to use the same start and endpoints on each occasion. With the simple quadrilaterals in figure 6 , the ant just computes the FPM over the whole shape. rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130035
Whether and how a shape should be segmented becomes a problem when shapes have several parts. Thus, ants that were trained to a goal specified by two abutting triangles segmented the triangles in different ways depending upon the position of the goal along the base of the triangles (figure 7) [57] . One group of ants was trained to approach a feeder placed left of the peak of the left-hand triangle (figure 7a(i)), a second group was trained with the feeder below the peak of that triangle ( figure 7b(i) ) and the last group had the feeder to the right of that triangle's peak ( figure 7c(i) ). In tests with rectangles, the first two groups approached the test rectangles as though ants had segmented the triangles at the most obvious break point-the trough between the triangles-and computed the FPM over the left-hand triangle (figure 7a(ii),b(ii)). The third group faced the rectangle as if the FPM were computed over both triangles with no segmentation (figure 7c(ii)(iii)). Note the ants seemed to have learnt the FPM computed over one shape-a triangle, and in tests computed the same FPM over a different shape-a rectangle.
Why might ants segment the triangles in this variable manner? A possible answer, which still needs proper testing, comes from considering the distances of objects composing a scene. If the objects are all far away, such as distant mountains, and the ant's straight route is relatively short, then the FPM of a given segment will remain roughly constant over the whole route. If objects are closer, then the FPM will change along the route, but it will change less when computed over a narrow segment than over a wide one. It is also likely to be more constant if the segment is chosen so that the FPM at the start of the route is close to 0.5. The outcome of the ants' decision, whether or not to segment the triangles, placed the FPM, in each of the three cases, closer to the CoM of the shape than if the ants had decided to do the reverse (figure 7).
When routes demand it, ants probably learn a changing FPM. The data in figures 6 and 7 consist of the first 30 cm of a 60 cm route with the pattern 150 cm from the start. The FPM does not change greatly over this initial segment, and SLTs are most frequent at the beginning of the route, the point where ants first choose their direction. The initial segment of the route can be sustained without much need for further SLTs. In contrast, the ants in the experiment of figure 2 were trained over a 1.2 m route to approach a feeder that lay very close to a black rectangle on an LCD screen and inset 15 cm from one edge [41] . Ants tended to take a straight path and generated SLTs almost to the feeder, indicating that they are guided actively over the whole of this route. The facing direction at the end of each SLT is plotted in figure 2e as the angle between the edge and the feeder position (the edge-angle) against the ant's distance from the feeder. The solid line shows the expected edge-angle on the assumption that the ant faces the feeder during a straight approach and the data cluster closely around this line. The FPM will also change over this distance. The SLT endpoints would cluster around the predicted changing FPM, but the complex 
(c) Local features and segment recognition
Because ants will learn the appropriate FPM for heading to a point on a segment of one shape and then compute that FPM over an unfamiliar test shape, segment recognition and guidance by FPM are likely to be separate processes. Local visual features, such as oriented edges, contribute to the recognition of a segment. The evidence for this statement is somewhat paradoxical. It is that oriented edges are able to control the size of SLTs. Thus, when ants trained to the two abutting triangles are tested with a trapezium in which the left edge of the rectangle is slanted to match the left edge of the triangles ( figure 7a(iii),b(iii) ), the ants' facing direction is no longer set by the FPM. Instead, SLTs bring the slanted edge to the same retinal position as the left edge of the left-most triangle in training. Ants place this edge in the appropriate retinal position to reach the goal and ignore the divergent route signalled by the FPM. That the slanted edge is a powerful guidance cue, dominating FPM, suggests that recognition of a segment and guidance by the FPM might be a sequential process. First, the appropriate segment is placed in the frontal visual field through an SLT that is driven by local features, and only then is the FPM computed and used for guidance.
Conclusion and questions
Much of an insect's behaviour is innately programmed, but there are also empty slots that need information that cannot be encoded genetically and must be acquired. The SLTs of wood ants provide an instructive example. The mechanisms that determine when SLTs are performed mesh closely with the circuitry that governs the ants' zigzag path, whereas the magnitude of SLTs depends on what ants have learnt about the expected retinal position of specific features of the scene during their approach and on the difference between the current and expected retinal positions of these features. The mechanism for assessing this error and turning it into a motor command is again inbuilt, as is the transformation of the endpoint of an SLT into an overall adjustment of an ant's zigzag path. There is no intent to underestimate the complexity and significance of insect learning and memory, but rather to emphasize the strong constraints within which learning and memory must operate.
The phylogeny of these intrinsic components and their cooption by SLTs is quite unknown. But what is clear is that SLTs reflect an ant's active decisions about its choice of travel direction within learnt visual scenes. The somewhat surprising precision of SLTs makes them a window through which we can begin to interrogate ants about the ways in which they perceive and encode familiar scenes for their navigation. This job has only just started and there are many questions to answer; for instance: how do ants compute FPMs? What is the alphabet of features available for scene recognition and navigation and how does scene recognition by ants compare with what is known about honeybee [50, 56] and fruitfly [54, 58] pattern vision? How much of a scene is used in controlling a given direction? How do shape-dependent and shape-independent visual features interact in guiding an ant's path? Do the ant's specific responses to specific errors mean that ants learn particular views in particular places, or can this behaviour also be explained by more continuous or holistic encodings of familiar routes [59] ?
